1. Introduction {#sec0005}
===============

A significant share of the world\'s energy needs is met by coal-fired power stations by burning coal as fuel. There are residues generated in these power plants, which are called Coal Combustion Products (CCPs). All around the world, in general, most of the fly ash (FA) produced is disposed of in a landfill, causing concerns for environmental agencies. This paper is focused on the utilization of FA only as it has proved to be a more viable soil stabilizer in comparison to bottom ash, due to its finer particle size.

The study is concerned with the influence of FA on stabilized sandy soil. Its effect is investigated and analyzed through some laboratory tests, such as particle size distribution (PSD) and compaction (proctor). In this paper, a revision of previous relevant research is outlined. This section covers some general aspects of FA, its sustainability, continued by ground improvement and soil stabilization. The aim of the study presented in this paper is to examine the suitability of class F FA as a suitable material for construction of embankments in geotechnical engineering projects. An increase in utilization of FA would lead to lower disposal rate, less land being used for landfill and replacement of traditional base materials so that CO~2~ emissions can be lowered.

2. Background {#sec0010}
=============

2.1. Fly ash {#sec0015}
------------

In 2010, [@bib0005] reported that approximately 80% of the total coal ash produced worldwide was in form of FA. Coal-fired power plants around the world, produce nearly 25% of the world\'s primary energy needs, in other words, 38% of the worldwide electricity is generated from these coal-fired power plants ([@bib0025]). Throughout the past decades, FA has been named as a problematic solid waste due to the conventional disposal methods of FA from thermal power plants and factories, as they have contaminated and degraded arable lands all around the world.

Fly ash ranks as the planet\'s fifth largest raw material resource ([@bib0005]) and can be used as an alternative to conventional materials in the construction of geotechnical and geoenvironmental infrastructures. By avoiding to mine or quarry for natural-occurring resources, and using coal combustion products as a replacement, sustainable and environmental benefits can be achieved. Energy demand and emissions to the atmosphere can also be reduced by utilizing CCPs ([@bib0025]).

[Fig. 1](#fig0005){ref-type="fig"} illustrates the development of FA production, utilization and disposal rates in the UK from 1999 to 2013. It can be seen that, from 1999 to 2003, landfill rates were higher than the utilization rate, however, 2003 onwards it has been lower than the utilization rate. In 2010, 36% of the total FA produced was sent to landfill, this increased to 48% in 2012, while the utilization amount remained at around 32 million tonnes, and then in 2013, the rate of landfill dropped to 38%. The relative utilization and production of fly ashes differ noticeably from one country to another ([Fig. 2](#fig0010){ref-type="fig"}, [@bib0195]). [@bib0005] believes that the disposal of FA will soon be too costly if not banned. This can be seen in Netherlands, where all the FA must be utilized or exported since landfill is prohibited ([@bib0120]).

Fly ash has a broad range of applications within the construction industry ([Fig. 3](#fig0015){ref-type="fig"}). The utilization of FA as a partial replacement for Portland cement in concrete is widespread and considerable volumes are used. Looking at the US FA utilization in that figure, nearly, 60% of the total FA produced was unutilized in 2014 (which, compared with [Fig. 2](#fig0010){ref-type="fig"} also demonstrates the unutilization significantly increased in that country since 2010). This is one of the highest unused rates of FA around the world, while the remaining is mostly used for concrete and cement production. FA utilization for soil stabilization, which this study is focused on, is at only 0.34% of total FA produced in US, and 1% for waste stabilization. In road base and sub-base, the utilization was 1%, with structural fills and embankment over 5%.

Due to the volumes of material involved in the construction of road, railways and airports, utilizing FA, has a profound impact from the environmental point of view on the surroundings ([@bib0070]). The beneficial reuse of fly ash in embankments construction not only helps ease one of the most pressing environmental problems, disposal of wastes, but may also result in ([@bib0075]);•Reducing solid waste disposal costs incurred by industry.•Reducing landfill requirements.•Minimizing damage to natural resources caused by excavating earthen materials for construction.•Obtaining added value from waste materials.•Conserving production energy.•Providing sustainable construction.•Providing economic growth.

The reuse of waste materials, such as fly ash, in highway construction, has a significant potential to minimize the amount of disposed waste materials ([@bib0030]; [@bib0075]). [@bib0060] studied the suitability of fly and bottom ash mixture in highway embankment construction. In this study, it was found that the optimum water content (OMC) increased, while the maximum dry density (MDD) decreased, as the FA content was increased from 50% to 100% ([@bib0060]). In the same study, it was concluded that, with the right design and fly/bottom ash mixture, the results proved suitability for highway embankments and also to be as high as those of conventional sandy soils.

2.2. Ground improvement and stabilization using FA {#sec0020}
--------------------------------------------------

Ground improvement can be defined 'as the introduction of materials or energy to soils to affect a change in performance of the ground such that it performs more reliably and can be incorporated into the design process' ([@bib0125]). Ground improvement techniques are used all around the world to improve the load-bearing capacity and stability of soil, to enable the construction of projects with very long design lives such as embankments, retaining walls and bridges ([@bib0080]).

[@bib0035] explains the main difference between soil modification and soil stabilization. On one hand, soil modification from moderate rates of additives (i.e. 3% quicklime) causes improvements such as drying and swells reduction. On the other hand soil stabilization from higher rates of application is the focus of this paper ([@bib0035]). According to [@bib0185] the term 'modification' is used to describe the use of a chemical to improve the properties of a soil without causing much increase to its elastic modulus or tensile strength, while the term stabilization is used to describe the utilization of a chemical to achieve a soil stabilized layer with significant strength and stiffness ([@bib0185]).

The stabilization is achieved by the soil particles being glued more chemically than physically. Dealing with weak soil is one of the most major challenges in the construction industry ([@bib0100]; [@bib0230]). This situation probably might occur in road and highway construction ([@bib0130]; [@bib0230]) or in geotechnical engineering. It is vital to find methods of soil improvement techniques so that demands can be met.

[@bib0115] concluded that coal combustion FA has 'excellent potential for use in rammed earth construction as a low-cost alternative to Portland cement and other stabilizers because of its pozzolanic properties'. The main purpose of soil stabilization is the rendering of weak soils that are unable to meet a specific project\'s requirement. Soil stabilization benefits not only from the enhancement of the compressive strength of the soft soil ([@bib0040]; [@bib0205]) but also to improve the shear strength, filter, drainage system ([@bib0205]), permeability, soil resistance to the weathering process and traffic usage (ASTM 1992, cited by [@bib0245]) to meet specific engineering projects requirements ([@bib0160]).

According to [@bib0170], utilization of FA stabilization of the soil used in subgrade improves the stability of the working platform, which is less susceptible to disturbance by moisture and construction traffic. In embankments made from CCPs, it is necessary to take measures against slope failure caused by rain or embankment collapse caused by an earthquake ([@bib0225]). [@bib0175] believes that soil stabilized by FA has some limitations:•Soil to be stabilized shall have less moisture content; therefore, dewatering may be required.•Soil-fly ash mixture cured below zero and then soaked in water are highly susceptible to slaking and strength loss.•Sulfur contents can form expansive minerals in soil-fly ash mixture, which reduces the long-term strength and durability.

In an article, [@bib0135] states that soils with a 'liquid limit less than 40% and plasticity index within the range 22--25% are also most suitable for stabilization\'. However, the same author concluded that soils do not have to meet the two conditions, and may still be suitable for stabilization ([@bib0135]). It is, therefore, important to investigate the suitability of soil to be stabilized using different types and combinations of stabilizers and soil types.

It is of interest to note that FA is available free of charge at most power plants, and hence, there are only transportation costs, and laying and rolling costs to be considered. For a given degree of compaction, it is suggested that maximum dry density is lower for stabilized soil than that of soil not stabilized ([@bib0175]).

2.3. Stabilization activation {#sec0025}
-----------------------------

There are some common stabilizers, such as lime and cement, and there are some more recent stabilizers such as fly ash (Class C), blast furnace slag, sodium hydroxide and sodium silicate ([@bib0190]). One of the key factors of utlizing cement in stabilizing soils, is that cement reaction is independent of soil minerals, and it relies on the water that may be found in any soil. [@bib0175] states the following improved properties of cement stabilized soils:•Decreased cohesiveness.•Decreased volume expansion or compressibility.•Increased strength.

Class F fly ash can be used in the stabilization process, if added with another activator, such as lime or cement. It is important to note that the impact of Class F (plus an activator) may differ significantly compare to a Class C stabilized sample. [@bib0110] state that the additional strength gained by utilizing cement or lime is an indication of the FA pozzolanic reactivity, which depends on the carbon content, the fineness and also the quality and quantity of glassy phase present in the FA. It is highly dependable on the pozzolan content of each ash, the degree of self-cementing property of Class C fly ash ([@bib0165]). When lime-based binders were compared to cement-based binders, the mechanical strength achieved by cement-based binders was higher and of a better consistency ([@bib0095]). Another advantage of using fly ash and cement together is that it can help in containing the leachate of heavy metals ([@bib0145]).

In another article, [@bib0150] explain that there is a significant gain in strength (particularly in the case of class F fly ash) even with a small addition of cement, and the gain depends on the cement content and curing time. A methodology ([Fig. 4](#fig0020){ref-type="fig"}) has been developed by the U.S air force, by which an appropriate stabilizer can be selected ([@bib0165]).

2.4. Laboratory testing {#sec0030}
-----------------------

There have been many studies, with different approaches, on the utilization of fly ash. In various researches, where fly ash was utilized for soil stabilization, there were some common laboratory tests performed, in order to obtain a before and after treatment properties, both physical and chemical. Among the most extended tests were:

Particle Size Distribution (Cristelo et al., [@bib0085] and [@bib0095]), Compaction test, rammer method (Cristelo et al., [@bib0085], [@bib0095]; [@bib0135]; [@bib0145]; [@bib0150]; [@bib0160]; [@bib0140]), California Bearing Capacity (CBR) test ([@bib0135]; [@bib0160]; [@bib0140]; [@bib0225]), Compressive Strength ([@bib0015]; [@bib0090]; [@bib0145]; [@bib0160]; [@bib0225]), XRD Analysis ([@bib0015]; [@bib0090]; [@bib0160]). For the purpose of this paper, PSD and compaction tests have been performed.

The results of various tests carried out to date are illustrated and are discussed thoroughly further on [Table 1](#tbl0005){ref-type="table"}. Several researchers ([@bib0085]; [@bib0160]; [@bib0020]; [@bib0220]; Cristelo et al., [@bib0090], [@bib0095]; [@bib0210]; [@bib0215]; [@bib0180]) studied the effect of fly ash (both class C and F) on ground improvement through soil stabilization.

After reviewing the results in [Table 1](#tbl0005){ref-type="table"}, it was found that majority of the soil samples were in the form of clay and very few sandy samples. It can be seen that there is an increase in the CBR value except one case in the study by [@bib0215], where there was a reduction in CBR, only for the Kalahari Sand, from 40% to 10% when used 24% fly ash, and down to 30% when only 8% fly ash was used. This must be due to the particular properties of Kalahari Sand. [@bib0020] had silty sand stabilized with 40% of Class F fly ash with two different activators, lime and cement. After four weeks of curing, the sample that was stabilized with cement had an unconfined compressive strength of 5.0 MPa, over twelve times more than what was achieved with lime. This was an expected result as [@bib0095] mentioned that regarding mechanical strength, cement-based binders usually deliver significantly better and more consistent results when compared to lime-bases binders.

Furthermore, [@bib0220] show that there is not a significant improvement when the FA contend increased from 40% to 60%, whereas there was a clear improvement from 20% to 40% FA content. It is clear that cement is a more viable option as an activator than lime. Meanwhile in 2011, Cristelo et al. published the results of an extensive research on soil improvement by using Class F FA. The curing periods were as long as a year, which has produced astonishing results, with one sample (40% FA -- 365-day curing) reaching 43 MPa in unconfined compressive strength. In the same study, samples were cured at 90 and 28 days as well, with UCS of 17 MPa and 8 MPa (40% FA) respectively. Clearly, the longer the curing period, the higher the strength of the soil. Furthermore, [@bib0090] compared soil stabilization with both class C and class F FA. Using the same percentage (20%) of FA and same curing periods (84-day), the samples, which were stabilized with class F had about three times the strength compared to the samples stabilized with class C. In overall, there were improvements on the physical strength of fly ash stabilized samples in every study. It can be concluded that the most effective stabilization is, using Class F fly ash with cement as the activator and finally, curing period to be maximized. The choice of activator varies for each study. These include; cement, lime, sodium hydroxide (SH) and sodium silicate (SS). In the studies, Cristelo et al. [@bib0085], [@bib0090] and [@bib0095], the authors used a mixture of SH and SS.

A new chart ([Fig. 5](#fig0025){ref-type="fig"}) for various possible results of soil stabilization using FA has been developed from summarizing [Table 1](#tbl0005){ref-type="table"}. As the main conclusion, it is addressed that further research needs to be carried out on sand, clayey sand in particular, and also on high plasticity silts. The present research is focused on sand only.

3. Methods {#sec0035}
==========

Comprehensive series of laboratory tests consisting of particle size distribution (PSD) and standard compaction test were conducted on untreated soil samples and stabilized samples. A minimum of three samples from each variation of soil was tested so that reliable results can be attained. There were three variations of fly ash content chosen for this study, 5%, 10% and 15% (similar to Cristelo et al., [@bib0090]; [@bib0095]). In this experimental study, a total of 14 compaction tests were performed. The aim of the laboratory tests was to analyze the influence FA content on stabilized soil density and optimal water content, by comparing stabilized soils against pre-treated samples.

As an activator solution, cement with 3% content will be used in this study. The quantity of the cement content is selected as an average based on previous studies ([@bib0160]; [@bib0150]). The proposed tests are described in more detail in the following section. At least, two representatives specimens for determination of the moisture content were taken and, hence, an average derived ([@bib0045]).

4. Experimental {#sec0040}
===============

4.1. Particle size distribution (PSD) {#sec0045}
-------------------------------------

For a basic understanding of the nature of the soil, the distribution of the grain size present in a given soil mass must be known. The grain size distribution of coarse-grained soils (gravelly and/or sandy) is determined by sieve analysis ([@bib0105]). The sieves used for the purpose of this study consist of woven-wire square meshes. The PSD tests were performed in accordance to BS 1377--2 1990, Classification tests, the "Dry Sieving Method" ([@bib0050]). From the classification graph produced as a result of PSD, the grading and unifomitry of the soil sample can be calculated, along with the soil classification using the British soil classification system, which classifies soils with particles size range of 0.06 mm to 2 mm, as sand ([@bib0050]). According to [@bib0185], the typical values for the Coefficient of Gradation (*C~c~*) and the Uniformity Coefficient (*C~U~*) in soil classification, for even graded soils is \<1 and \<6, respectively.

4.2. Compaction test (2.5 kg Rammer) {#sec0050}
------------------------------------

In order to find the optimum values, a compaction test is carried out in accordance with BS 1377--4 1990, Compaction-related tests, the "2.5 kg Rammer Method" ([@bib0055]). The compaction is carried out in a modified CBR mould with soil compacted in three layers and each layer subject to 72 blows from the 2.5 kg rammer ([@bib0055]). Generally, the optimum moisture content (OMC) of sandy soils is about 11%, and the maximum dry density (MDD) of sandy soils is just over 19 kN/m^3^ ([@bib0185]). Construction specifications commonly require that mixing, compaction, and final shaping be completed in one or two hours of initial mixing. For the purpose of this study, the samples were compacted within 30 min from the beginning of mixing. Strength and compaction characteristics at no delay define optimum properties of the fly ash treated materials. The unit weight of fly ash-soil mixture is an important parameter since it controls the strength, compressibility, and permeability.

Compaction is often delayed in normal construction operations, which causes the fly ash to bond to the soil particles in a loose state, at which point these bonds must be disrupted to densify the material ([@bib0170]). Therefore, a portion of the compaction effort is used to reverse the effect caused by the delay with the remaining energy to compact the mixture. When compaction is delayed 1 hour after incorporation of the fly ash, maximum densities can decrease up to 6 to 16 kN/m^3^ ([@bib0170]).

5. Materials {#sec0055}
============

5.1. Sand {#sec0060}
---------

For the purpose of this study, the sand (Building Sand) was obtained from Civils & Lintels, a UK supplier. The sand was delivered in polyethylene bags of 25 kgs. PSD results are provided in [Fig. 6](#fig0030){ref-type="fig"}. The uniformity coefficient and coefficient of gradation of each sample tested is individually calculated after the derivation of D~10~, D~30~ and D~60~. After calculating the coefficients of the sand, with an average C~U~ value of about 2 and C~C~ value of just under 1 (0.98), and comparing to the typical values presented earlier, it can be concluded that soil does indeed classify as a poorly and/or even graded soil, and also classifying as sand through British Standards. As explained later on, the compaction results of sand, S1, S2 and S3 also do match the typical values presented earlier.

5.2. Fly ash {#sec0065}
------------

The FA used in this study was obtained from a UK power station, Ratcliffe-on-Soar power station in Nottingham. Ratcliffe-on-Soar is known as one of the most efficient coal-fired power stations in the UK. Ratcliffe-on-Soar power station uses coal as fuel. Upon collection from the power plant, the fly ash was sealed in plastic tubs of 25 kgs and was brought to the University of West London\'s laboratory. The physical and chemical analyses of the fly ash used arose typical values for class F fly ash, as according to ASTM, they should contain at least 70% by weight of Silicon (SiO2) + Aluminium (Al2O3) + Iron (Fe2O3) (ASTM 2003, cited by [@bib0155]). The fly ash obtained from Ratcliffe power station contains nearly 75% by weight of SiO2 + Al2O3 + Fe2O3. This classifies the FA in this research as Class F.

The fly ash, as it was supplied, had rather large particles, in order to produce more homogeneous samples, the FA was oven dried and then sieved through a 2.36 mm sieve. After testing over 30 samples from different tubs, on average about 21% of the FA was greater than 2.36 mm.

For comparison, the PSD for the fly ash was performed without coarse content (W) and with (WC). The five (W) samples shown in [Fig. 7](#fig0035){ref-type="fig"}, were highly similar, except where two samples, 1 and 2, which had an about half of the accumulative weight passed in comparison to samples 3, 4 and 5. This variation also occurred when testing FA with coarse content. In these cases, the largest portion of the material was retained on 0.075 mm sieve, where in other cases, the highest portion had passed through the smallest sieve (0.063). It seems FA to be having grain size of similar to that of silt.

5.3. Cement {#sec0070}
-----------

Ordinary portland cement (OPC) is most commonly used to stabilize soils. On the contrary, rapid-hardening cement is generally avoided, as they do not allow the time required for mixing and compacting in the cement stabilization process ([@bib0185]). The cement chosen for this study is OPC, provided by a UK supplier. The manufacturer provided the following conditions:•Based on sustainable cement technology.•Grey in colour.•Consistent strength meeting all the conformity criteria in BS EN 197-1.•Manufactured from natural products.

6. Results and discussion {#sec0075}
=========================

The results of compaction tests (standard proctor) performed with different FA and cement contents are presented in this section and discussed further. [Fig. 8](#fig0040){ref-type="fig"} illustrates how the FA content in the stabilized samples affects the maximum dry density. Despite constituting only 3% of the sample (in weigh), the OPC used in this experiment had a profound influence on the dry density.

Meanwhile, [Fig. 9](#fig0045){ref-type="fig"} presents an increase in the optimum moisture content of the stabilized samples as the FA content raises. It should be noted that the addition of cement only decreased the OMC, and this is believed to be down due to the excess heat generated by the cement during the activation process. As suggested earlier in the literature, by [@bib0175], and the observation of [Table 1](#tbl0005){ref-type="table"}, it was anticipated for the OMC to be increased and the MDD to be decreased with as the FA content rises. Figs. [9](#fig0045){ref-type="fig"} and [10](#fig0050){ref-type="fig"} illustrate that this has also occurred to the fine sand used in this research. The decline in MDD is associated with the fact that FA is lightweight compared to sand only, while the increase in OMC is attributed to the extra water required for hydration. Comparing the 3% and 5% cement content samples together, in both Figs. [9](#fig0045){ref-type="fig"} and [10](#fig0050){ref-type="fig"}, it clearly can be seen that both lines are producing the same behaviour in regards to an overall MDD reduction and an overall higher OMC. It is evident that samples with FA contents of 10% and over are producing the results, which were anticipated earlier in the literature for other materials. [Fig. 8](#fig0040){ref-type="fig"}, illustrates that with the addition of 20% FA (S-5C-20FA) a lower MDD in comparison to that of only sand has been achieved with nearly over 1.5% higher OMC ([Fig. 9](#fig0045){ref-type="fig"}). Both the MDD as well as the OMC show significant dependence upon the FA content.

In total, there were 120 individual compactions performed, of which the results are tabulated in [Table 2](#tbl0010){ref-type="table"} and illustrated on a compaction graph in [Fig. 10](#fig0050){ref-type="fig"}, which clearly shows a shift to the bottom right of the compaction curves as the FA content increases, in other words, the optimum moisture content and the maximum dry density of a given sample is directly dependent on the FA content. It can be seen that the OMC from 10% to 15% FA did not change as much as it did from 5% to 10% FA. It is unclear at the moment why that is. The addition of cement (S-3C-0FA) into soil had a major effect on the compaction properties of the soil, with MDD increasing by over 0.5 kN/m^3^ and the OMC dramatically reduced by nearly 1%. It is only with the addition of FA that the OMC begins to be increased and simultaneously the MDD being decreased. The sample S-3C-15FA has an OMC of approximately 14.4%, over 1% increase to just sand samples, while the MDD is still larger than sand alone. Despite this, it can clearly be seen that with the further addition of FA, lower MDD and higher OMC will attainable. Observing the results of [Table 2](#tbl0010){ref-type="table"}, samples compacted with 5% cement content illustrate the influence cement makes in soil stabilization.

In summary: the laboratory tests performed in this research revealed that the use of FA and cement resulted in MDD reduction and an increase in OMC. This effect only occurs when FA content in considerably higher than the cement content. The results of the study show that the influence of cement is rather significant. Comparing samples of same FA percentage (S-3C-5FA with S-5C-5FA & S-3C-10FA with S-5C-10FA), it clearly can be seen that cement has caused a reduction in OMC and a higher MDD. Since cement is only used in this research as an activator and not a stabilizer, its content should be kept at its lowest.

Furthermore, the best results were obtained at 20% FA, with 5% cement, with OMC of about 15%, an increase of 1.6% from sand-only, and MDD of 17.01 kN/m^3^ from 17.08 kN/m^3^. Note that if the S-5C-20FA was to be compared to S-5C-5FA, rather than to sand-only, the OMC was increased by 3.4%, while MDD was lowered from 17.91 kN/m^3^, a reduction of 0.86 kN/m^3^.

Based on the results of this experimental research, it appears that FA-sandy soil mixtures can be suitable for sustainable embankment construction. Although based on the carried out tests it is not possible to precisely evaluate the effect of the FA and cement contents on the strength and bearing capacity of the treated soil, this could be considered as a preliminary research, from which first estimations on both magnitudes (for example, UCS and CBR) can be derived by means of empirical correlations, as in [@bib0200]. It is necessary to make further tests, like CBR and determination of Resilient Modulus, so that FA utilization in soil stabilization for geotechnical and geoenvironmental infrastructure can be improved.

7. Conclusions {#sec0080}
==============

Coal-fired power plants have high importance in the world\'s energy demands. Being the source of nearly a quarter of the world\'s primary energy need, it can be assured that the production of any by-product, specifically FA, will continue for the foreseeable future. Innovative technologies will provide increased utilization of wastes, and recycled materials with larger volumes causing a decrease in the demand for natural mineral resources. Even simple technologies may increase the added value of recycled or waste materials producing superior engineering behaviour. At the same time, the need for disposal of large volumes of waste material will be minimized. The key findings based on the literature review are:•Fine fly ash produces better strength than the respective activated coarse fly ash.•The strength gain depends on the activator content and curing time.•The mechanical strength achieved by cement-based binders was higher and of a better consistency.•Class F had about three times the strength gain, compared to the samples stabilized with class C.

Followed by the outcomes of the results obtained during this study:•Despite constituting only 3% of the sample (in weigh), the OPC used in this experiment had a profound influence on the dry density.•The addition of FA resulted in MDD reduction, believed to be caused by FA being lightweight in comparison to sand only.•The addition of FA also increased the OMC, which is attributed to the extra water required for hydration.•Samples with FA contents of 10% and over produced resutls in consistance of the literature, higher OMC and lower MDD.•Further research needs to be carried out on sand, clayey sand in particular, and also on high plasticity silts.

Fly ash can be considered as a valuable resource and needs to be studied, to facilitate the application of fly ash in new and innovative areas of economic interest as the use of fly ash is not only environmental friendly but also cost- effective. It should be pointed out that both the nature of the FA and the type of soil significantly influence the results of stabilization and it is very challenging and unsafe to rely on research carried out with different soils and different FA quantities. Furthermore, currently, there are limited data in the literature reporting the long-term performance of soil stabilization. Also, as still a significant amount of the FA produced around the world is disposed of, and with utilization rates in soil stabilization, ground improvement and sub-base construction being one of the lowest applications, about 7% in the U.S and 1% in the UK, a further detailed study is considered necessary to increase both awareness and the utilization rate of FA within the industry.

More research should also be conducted in the near future to evaluate the effects of FA on the soil strength of treated sands.
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Results of soil stabilizing by using fly ash from nine different studies.

Table 1

  Summary: Experiences of soil stabilization using Fly Ash                                                                                                               
  ---------------------------------------------------------- ----------------------- ------------------------ --------- ----- ---------------------------- ------------- --
  20%                                                        Fly Ash (FA)            Lean Clay                Cement          20% FA and 91-day curing     [@bib0160]    
                                                                                                                        OMC   22%                          30%           
                                                                                                                        CS    0.1 MPa                      3.1 MPa       
                                                                                                                        CBR   10%                          185%          
                                                                                                                        MDD   15.9 KN/m3                   13.1 KN/m3    
  20%                                                        Fly Ash (FA)            Lean Clay                Cement          20% FA and 28-day curing                   
                                                                                                                        OMC   22%                          30%           
                                                                                                                        CS    0.1 MPa                      1.7 MPa       
                                                                                                                        MDD   15.9 KN/m3                   13.1 KN/m3    
  20%                                                        Fly Ash (FA)            Fat Clay                 Cement          20% FA and 91-day curing                   
                                                                                                                        CS    0.1 MPa                      1.75 MPa      
                                                                                                                        CBR   10%                          110%          
  20%                                                        Fly Ash (FA)            Fat Clay                 Cement          20% FA and 28-day curing                   
                                                                                                                        CS    0.1 MPa                      1.25 MPa      
  10%                                                        Fly Ash (FA)            Lean Clay                Cement          10% FA and 91-day curing                   
                                                                                                                        OMC   22%                          26%           
                                                                                                                        CS    0.1 MPa                      1.9 MPa       
                                                                                                                        CBR   10%                          140%          
                                                                                                                        MDD   15.9 KN/m3                   14.1 KN/m3    
  10%                                                        Fly Ash (FA)            Lean Clay                Cement          10% FA and 28-day curing                   
                                                                                                                        OMC   22%                          26%           
                                                                                                                        CS    0.1 MPa                      1.1 MPa       
                                                                                                                        MDD   15.9 KN/m3                   14.1 KN/m3    
  10%                                                        Fly Ash (FA)            Fat Clay                 Cement          10% FA and 91-day curing                   
                                                                                                                        CS    0.1 MPa                      0.7 MPa       
                                                                                                                        CBR   10%                          60%           
  10%                                                        Fly Ash (FA)            Fat Clay                 Cement          10% FA and 28-day curing                   
                                                                                                                        CS    0.1 MPa                      0.5 MPa       
                                                                                                                                                                         
  40%                                                        Fly Ash Class F (FAF)   Silty Sand               Cement          40% FAF and 28-day curing    [@bib0020]    
                                                                                                                        MDD                                15.46 kN/m3   
                                                                                                                        UCS                                5.0 MPa       
  40%                                                        Fly Ash Class F (FAF)   Silty Sand               Cement          40% FAF and 7-day curing                   
                                                                                                                        MDD                                15.46 kN/m3   
                                                                                                                        UCS                                3.2 MPa       
                                                                                                                        CBR                                140%          
  40%                                                        Fly Ash Class F (FAF)   Silty Sand               Lime            40% FAF and 28-day curing                  
                                                                                                                        MDD                                15.36 kN/m3   
                                                                                                                        UCS                                0.4 MPa       
  40%                                                        Fly Ash Class F (FAF)   Silty Sand               Lime            40% FAF and 7-day curing                   
                                                                                                                        MDD                                15.36 kN/m3   
                                                                                                                        UCS                                0.3 MPa       
                                                                                                                        CBR                                36%           
                                                                                                                                                                         
  60%                                                        Fly Ash (FA)            Low Plasticity Clay                      60% FA and 28-day curing     [@bib0220]    
                                                                                                                        OMC   14%                          28%           
                                                                                                                        MDD   17.9 kN/m3                   13.9          
                                                                                                                        CS                                 2.67 MPa      
  40%                                                        Fly Ash (FA)            Low Plasticity Clay                      40% FA and 28-day curing                   
                                                                                                                        OMC   14%                          25%           
                                                                                                                        MDD   17.9 kN/m3                   14.6 kN/m3    
                                                                                                                        CS                                 2.65 MPa      
  20%                                                        Fly Ash (FA)            Low Plasticity Clay                      20% FA and 28-day curing                   
                                                                                                                        OMC   14%                          22.5%         
                                                                                                                        MDD   17.9 kN/m3                   15.5 kN/m3    
                                                                                                                        CS                                 1.35 MPa      
                                                                                                                                                                         
  20%                                                        Fly Ash Class F (FAF)   Fat clays                SH & SS         20% FAF and 84-day curing    [@bib0090]    
                                                                                                                        UCS                                8.6 MPa       
  20%                                                        Fly Ash Class F (FAF)   Fat clays                SH & SS         20% FAF and 28-day curing                  
                                                                                                                        UCS                                1.7 MPa       
  20%                                                        Fly Ash Class C (FAC)   Fat clays                SH & SS         20% FAC and 84-day curing                  
                                                                                                                        UCS                                3.0 MPa       
  20%                                                        Fly Ash Class C (FAC)   Fat clays                SH & SS         20% FAC and 28-day curing                  
                                                                                                                        UCS                                1.3 MPa       
  10%                                                        Fly Ash Class F (FAF)   Fat clays                SH & SS         10% FAF and 84-day curing                  
                                                                                                                        UCS                                4.2 MPa       
  10%                                                        Fly Ash Class F (FAF)   Fat clays                SH & SS         10% FAF and 28-day curing                  
                                                                                                                        UCS                                0.6 MPa       
  10%                                                        Fly Ash Class C (FAC)   Fat clays                SH & SS         10% FAC and 84-day curing                  
                                                                                                                        UCS                                2.0 MPa       
  10%                                                        Fly Ash Class C (FAC)   Fat clays                SH & SS         10% FAC and 28-day curing                  
                                                                                                                        UCS                                1.1 MPa       
                                                                                                                                                                         
  25%                                                        Fly Ash Class F (FAF)   Granitic Residual Soil   SH & SS         25% FAF and 7-day curing     [@bib0095]    
                                                                                                                        UCS                                17 MPa        
                                                                                                                        MDD   19.2 KN/m3                                 
                                                                                                                                                                         
  20%                                                        Fly Ash Class C (FAC)   High Plasticity Clay                     20% FAC and 40-day curing    [@bib0210]    
                                                                                                                        MDD   12.1 kN/m3                                 
                                                                                                                        UCS   0.24 MPa                     0.96 MPa      
  20%                                                        Fly Ash Class C (FAC)   High Plasticity Clay                     20% FAC and 28-day curing                  
                                                                                                                        MDD   12.1 kN/m3                                 
                                                                                                                        CS    0.24 MPa                     0.9 MPa       
  10%                                                        Fly Ash Class C (FAC)   High Plasticity Clay                     10% FAC and 40-day curing                  
                                                                                                                        MDD   12.1 kN/m3                                 
                                                                                                                        CS    0.24 MPa                     0.56 MPa      
  10%                                                        Fly Ash Class C (FAC)   High Plasticity Clay                     10% FAC and 28-day curing                  
                                                                                                                        MDD   12.1 kN/m3                                 
                                                                                                                        CS    0.24 MPa                     0.45 MPa      
                                                                                                                                                                         
  24%                                                        Fly Ash (FA)            Kalahari Sand                            24% FA and 7-day curing      [@bib0215]    
                                                                                                                        OMC   5%                           7%            
                                                                                                                        MDD   17.3 KN/m3                   14.7 KN/m3    
                                                                                                                        CBR   40%                          10%           
  24%                                                        Fly Ash (FA)            Calcrete                                 24% FA and 7-day curing                    
                                                                                                                        OMC   15.60%                       17%           
                                                                                                                        MDD   17.2 KN/m3                   16.3 KN/m3    
                                                                                                                        CBR   40%                          90%           
  24%                                                        Fly Ash (FA)            Silty Sand                               24% FA and 7-day curing                    
                                                                                                                        OMC   9%                           9%            
                                                                                                                        MDD   19.0 KN/m3                   18.2 KN/m3    
                                                                                                                        CBR   80%                          470%          
  24%                                                        Fly Ash (FA)            Black Cotton Soil                        24% FA and 7-day curing                    
                                                                                                                        OMC   20%                          23.50%        
                                                                                                                        MDD   15.1 KN/m3                   14.8 KN/m3    
                                                                                                                        CBR   0%                           25%           
  24%                                                        Fly Ash (FA)            Low Plasticity Silt                      24% FA and 7-day curing                    
                                                                                                                        OMC   12%                          12.30%        
                                                                                                                        MDD   19.8 KN/m3                   18.9 KN/m3    
                                                                                                                        CBR   10%                          230%          
  8%                                                         Fly Ash (FA)            Kalahari Sand                            8% FA and 7-day curing                     
                                                                                                                        OMC   5%                           5%            
                                                                                                                        MDD   17.3 KN/m3                   16.8 KN/m3    
                                                                                                                        CBR   40%                          30%           
  8%                                                         Fly Ash (FA)            Calcrete                                 8% FA and 7-day curing                     
                                                                                                                        OMC   15.60%                       19.90%        
                                                                                                                        MDD   17.2 KN/m3                   16.4 KN/m3    
                                                                                                                        CBR   40%                          60%           
  8%                                                         Fly Ash (FA)            Silty Sand                               8% FA and 7-day curing                     
                                                                                                                        OMC   9%                           8.80%         
                                                                                                                        MDD   19.0 KN/m3                   18.6 KN/m3    
                                                                                                                        CBR   80%                          315%          
  8%                                                         Fly Ash (FA)            Black Cotton Soil                        8% FA and 7-day curing                     
                                                                                                                        OMC   20%                          22.70%        
                                                                                                                        MDD   15.1 KN/m3                   15.3 KN/m3    
                                                                                                                        CBR   0%                           5%            
  8%                                                         Fly Ash (FA)            Low Plasticity Silt                      8% FA and 7-day curing                     
                                                                                                                        OMC   12%                          11.90%        
                                                                                                                        MDD   19.8 KN/m3                   19.6 KN/m3    
                                                                                                                        CBR   10%                          40%           
                                                                                                                                                                         
  40%                                                        Fly Ash Class F (FAF)   Sandy Clay               SH & SS         40% FAF and 365-day curing   [@bib0085]    
                                                                                                                        UCS                                43 MPa        
  40%                                                        Fly Ash Class F (FAF)   Sandy Clay               SH & SS         40% FAF and 90-day curing                  
                                                                                                                        UCS                                17 MPa        
  40%                                                        Fly Ash Class F (FAF)   Sandy Clay               SH & SS         40% FAF and 28-day curing                  
                                                                                                                        UCS                                8 MPa         
  20%                                                        Fly Ash Class F (FAF)   Sandy Clay               SH & SS         20% FAF and 365-day curing                 
                                                                                                                        UCS                                24 MPa        
  20%                                                        Fly Ash Class F (FAF)   Sandy Clay               SH & SS         20% FAF and 90-day curing                  
                                                                                                                        UCS                                5 MPa         
  20%                                                        Fly Ash Class F (FAF)   Sandy Clay               SH & SS         20% FAF and 28-day curing                  
                                                                                                                        UCS                                3.5 MPa       
                                                                                                                                                                         
  24%                                                        Fly Ash -a              Oxford Clay              Lime            24% FA and 90-day curing     [@bib0180]    
                                                                                                                        OMC   25%                          26.90%        
                                                                                                                        MDD   14.9 KN/m3                   14.3 KN/m3    
                                                                                                                        UCS                                1.9 MPa       
  24%                                                        Fly Ash -b              Oxford Clay              Lime            24% FA and 90-day curing                   
                                                                                                                        OMC   25%                          28.10%        
                                                                                                                        MDD   14.9 KN/m3                   13.7 KN/m3    
                                                                                                                        UCS                                1.5 MPa       
  24%                                                        Fly Ash -a              Oxford Clay              Lime            24% FA and 28-day curing                   
                                                                                                                        OMC   25%                          26.90%        
                                                                                                                        MDD   14.9 KN/m3                   14.3 KN/m3    
                                                                                                                        UCS                                1.4 MPa       
  24%                                                        Fly Ash -b              Oxford Clay              Lime            24% FA and 28-day curing                   
                                                                                                                        OMC   25%                          28.10%        
                                                                                                                        MDD   14.9 KN/m3                   13.7 KN/m3    
                                                                                                                        UCS                                1.2 MPa       
  12%                                                        Fly Ash -a              Oxford Clay              Lime            12% FA and 90-day curing                   
                                                                                                                        OMC   25%                          26.70%        
                                                                                                                        MDD   14.9 KN/m3                   14.4 KN/m3    
                                                                                                                        UCS                                1.7 MPa       
  12%                                                        Fly Ash -b              Oxford Clay              Lime            12% FA and 90-day curing                   
                                                                                                                        OMC   25%                          27.40%        
                                                                                                                        MDD   14.9 KN/m3                   14.0 KN/m3    
                                                                                                                        UCS                                1.4 MPa       
  12%                                                        Fly Ash -a              Oxford Clay              Lime            12% FA and 28-day curing                   
                                                                                                                        OMC   25%                          26.70%        
                                                                                                                        MDD   14.9 KN/m3                   14.4 KN/m3    
                                                                                                                        UCS                                1.3 MPa       
  12%                                                        Fly Ash -b              Oxford Clay              Lime            12% FA and 28-day curing                   
                                                                                                                        OMC   25%                          27.40%        
                                                                                                                        MDD   14.9 KN/m3                   14.0 KN/m3    
                                                                                                                        UCS                                1.2 MPa       

OMC - Optimum Moisture Content.

MDD - Maximum Dry Density.

CBR - California Bearing Ratio.

UCS - Unconfined Compressive Strength.

CS - Compressive Strength.

SH - Sodium Hydroxide.

SS - Sodium Silicate.

LL - Liquid Limit.

ML - Low Plasticity Silt.

CL - Low Plasticity Clay.

MH - High Plasticity Silt.

CH - High Plasticity Clay.

SM - Silty Sand.

SC - Clayey Sand.

G - Gravel.

###### 

Average OMC and MDD results of various samples.

Table 2

                                  Code        OMC (%)   MDD (kN/m^3^)
  ------------------------------- ----------- --------- ---------------
  **Sand**                        S-0C-0FA    13.4      17.08
  **Sand + 3% Cement**            S-3C-0FA    12.5      17.62
  **Sand + 3% Cement + 5% FA**    S-3C-5FA    12.4      17.77
  **Sand + 3% Cement + 10% FA**   S-3C-10FA   14.2      17.43
  **Sand + 3% Cement + 15% FA**   S-3C-15FA   14.35     17.18
  **Sand + 5% Cement + 5% FA**    S-5C-5FA    11.57     17.91
  **Sand + 5% Cement + 10% FA**   S-5C-10FA   13.70     17.65
  **Sand + 5% Cement + 20% FA**   S-5C-20FA   14.98     17.01

Note: (results for 5% of cement, after [@bib0240]).
